The increasing use of photovoltaic systems entails the use of new technologies to improve the efficiency and power quality of the grid. System performance is constantly increasing, but its reliability decreases due to factors such as the uncontrolled operation, the quality of the design and quantity of components, and the use of nonlinear loads that may lead to distortion in the signal, which directly affects the life of the system globally. This article presents an analysis of the reliability of a single-phase full-bridge inverter for active power injection into the grid, which considers the inverter stage with its coupling stage. A comparison between an L filter and an LCL filter, which comprise the coupling stage, is made. Reliability prediction is based on metrics, failure rate, mean time between failures, and total harmonic distortion. The analysis and numerical simulation are performed. Finally, filter considerations are suggested to extend the reliability of the inverter in a photovoltaic system.
Introduction
Nowadays exists a global concern about the excessive use of fossil energies and the environmental conditions caused by them. In recent years, global demand for electric energy has been constantly increasing, giving the opportunity for environmentally friendly energy alternatives, commonly known as renewable energy, for example, wind and solar energy; this last one is the most important due to solar irradiation on the planet [1, 2] .
The photovoltaic systems have different stages of energy conversion and coupling to the electric grid, being complex and robust systems due to the big number of power semiconductors that are used [2] . The power converters are one of the weakest stages in terms of the useful life of photovoltaic systems; generally, a photovoltaic panel has a useful life in terms of reliability of 20 to 30 years, and the inverter is required to have a comparable useful life [3, 4] . This problem has been corrected replacing the inverter when it is needed, but economically is not viable, and the repair tends to be complex; this has carried to the search for solutions to extend the life of the system as a whole [4] .
For the conversion stage, different factors influence the longevity and reliability of the inverters, such as the operating ranges, the operating environment, functioning temperature, and working times. All these directly affect the useful life of the semiconductor elements and the whole photovoltaic system [5] . The most susceptible device to fail is the MOS-FET, presenting two fault states: open circuit and short circuit; another element is the diode, which is affected by electrical and thermomechanical stress. To correct these problems, materials, such as silicon carbide, are used, because of their higher voltage operating limits and lower switching losses. Also, cooling techniques and system designs are taking into account the conditions and the operating environment [6, 7] .
Photovoltaic system performance may be affected for different aspects, such as deterioration of the waveforms causing harmonics and, therefore, reducing the power factor due to nonlinear loads. This is already being studied using control techniques with active or passive components for the grid injection stage [8] . Passive filters also affect the performance; they are conformed by components like inductors and capacitors. These filters have the main disadvantage in their size that may generate resonance problems if they work below the cutoff frequency. However, they present a small number of elements and are more robust [9] .
Previous studies present strategies for the selection and improvement of the reliability of the converter. The authors in [7, 10, 11] propose to implement fault-tolerant converters; they perform diverse tests and compare results to different prototypes of the same converter. Some other authors, like in [4, 12] , perform the analysis following the traditional method at the component level and, later, at the system level. The MIL HDBK 217 standard is used and a hybrid model for the calculation of the mean time between failure metrics. The research in [7, 13] focuses on methods based on the mission profile of the system, considering different active and inactive work phases at different temperature conditions observed by the system. Researches in [3, 14] represent systems analytically by means of logic gates and fault tree or "pareto" analysis considering a voltage component failure. Finally, in [15, 16] , the Markov model is used for repairable systems using different failure and repair modes. All these previous works did not focus on the coupling stage, the passive filter, which certainly will affect the reliability of the photovoltaic system.
In this paper, a reliability study of a photovoltaic inverter is made to analyze and predict its useful life based on the probability of failures occurrences. The MIL HDBK 217F standard is used and a simulation is performed using the PSIM simulation software. The system is comprised of a full-bridge inverter, with an L or an LCL filter as the coupling stage; the objective is to determine which filter is recommended to extend the reliability and useful life of the system. Simulation results are presented as well as the system analysis using the standard mentioned before. A discussion based on the filter is made to improve the reliability of the photovoltaic system.
The document is organized as follows: first, a theoretical part is addressed, like reliability concept and the reliability standard; second, the power stage is addressed and the reliability analysis; as the third point, the simulation and discussion of proposals are made; and as the last part, the conclusions are presented.
Theoretical Aspects
To understand the analysis and proposal, some theoretical aspects are addressed first, but there are also some assumptions.
2.1. Reliability. Reliability describes the probability of survival of different complex electronic systems and is defined as the property that a component has to satisfactorily per-form its function for which it was designed, for a specific time, under specific experimental conditions [6, 7] . Reliability is represented as RðtÞ and given by
where f ðtÞ is a failure density function, t is the time that the component will fail, FðtÞ is the cumulative distribution function, and P is the probability function. The reliability is represented as the value that reaches the random variable R in tϵ½0, ∞; this is the area under the density function curve, which determines the probability that the component will fail at specific time t.
When an electronic component presents a risk, it is called the failure rate, denoted by λðtÞ, and represents the probability per unit of time that the component will survive at t + Δt since it already has survived for a time t. This variable is defined by [6, 14] λ t ð Þ = lim
where f ðtÞ is the density function up to time t and f ðt + ΔtÞ is the density function up to time t + Δt. The failure rate is variable and depends on the time of use.
The failure rate has three stages, which are represented by the bathtub curve ( Figure 1 ), and depicts the life of a component. This curve shows an early failure period during t ∈ ½0, t 1 ; this is caused by poor design and low-quality control. The random or constant failure period is defined by t ∈ ½t 1 , t 2 ; this means that the failure may occur at any time during that period, due to poor operating conditions and variations on the installations. Finally, the wear failure period during t ∈ ½t 2 , ∞ shows a failure rate increase which occurs at the end of the component useful life due to wear.
When the component has survived during a time t ∈ ½0, ∞, it is required to know the estimated average 
An exponential probability distribution is used in electronic components ( Figure 2 ), since it represents a constant failure rate ( Figure 3 ) for devices that have exceeded the initial time with greater results t > 0 and do not show wear failures.
The density function of the exponential distribution is represented by [4, 17] 
Integrating this equation in tϵ½0, ∞ results in the cumulative distribution function of the exponential distribution:
Substituting (5) into (1) obtained
This equation is the exponential reliability function. To calculate the MTBF for the exponential distribution, (6) is substituted into (3) and is integrated, and results in [4, 6, 7, 12, 14] 
2.2. Reliability of a Serial System. To facilitate the reliability analysis, it is done by dividing the system into subsystems. Each part of the system is represented by a block connected by arrows with other blocks of other related subsystems. Serial reliability (Figure 4 ) is the most practical in reliability analysis. It is said that a serial system will work properly if each block of each subsystem works as it should from t up to t + Δt. A serial system has a catastrophic failure when any of its subsystems fail before finishing the process. The reliability of a serial system R S ðtÞ as the union of the probability of each subsystem (up to n) is represented by
If an exponentially distributed independent system exists, (6) is used and is substituted into (8), obtaining the following:
where λ is equal to
Substituting (10) into (7), the MTBF is obtained for a serial system; this is
If the failure rate is constant in the subsystems, the following is obtained [6, 14, 17] :
2.3. Standard MIL HDBK217F. The MIL HANDBOOK 217F standard is considered to make the reliability study of the photovoltaic system, which consists of the full-bridge inverter with an L or LCL coupling filter. The standard is a prediction tool based on statistical data on tests previously performed on the components. They contain data and operating specifications of the components, physical and mathematical models that help to predict and evaluate potential failures mainly of electronic equipment. Figure 2 : Density function f ðtÞ of a distribution eðλÞ. [5, 12, 18] :
where λ P is the failure rate of the component, λ b is the base failure rate of the component, π T is the encapsulation temperature factor, π S is the electrical stress factor, π C is the construction factor, π Q is the quality factor, π E is the environmental factor, π A is the application factor, and finally π CV is the capacitance factor. In Table 1 , the component stress models are shown for the elements that conform to the power stage, which are the transistor, inductor, and capacitor [5, 12, 16, 18] .
As it can be observed in Table 1 , the capacitor failure rate depends on the electrical stress factor π V , which is a function of the stress voltage (V S ), and this is determined by [12] 
where V a is the applied voltage and V n is the nominal capacitor voltage. It is noted that for all the component models, the failure rate depends directly on the temperature factor π T , which indicates the acceleration ratio taking into account the previous temperature and the temperature in accelerated conditions ( Table 2 ). And this is directly related to the power losses; for example, switching losses are calculated to obtain the junction temperature T j , and this is calculated with [7, 12, 16] 
where θ jc is the thermal resistance junction case, P loss is the switch losses, and T C is the case temperature.
The MOSFET losses are determined by
where P loss is the total losses, R DSon is the internal resistance, I rms represents the effective current, I avg and V avg are the average values, t on + t off are the on and off times, and finally f sw is the switching frequency. For the inductor, the hot spot temperature, T HS , is used, and for the capacitor, the ambient temperature, T a , is utilized [7, 12, 16, 18] :
where ΔT d is the ambient temperature change.
Power Stage and Design
The power stage considered is a full-bridge inverter, rated for 1 kW, and two alternatives of passive filters are analyzed. For case 1, an L filter is used ( Figure 5 ) and, for case 2, an LCL filter ( Figure 6 ). The full-bridge inverter consists of two legs composed of two switches each one; they may be operated with bipolar or unipolar PWM modulation; MOSFETs were considered. In the paper, for both cases, a unipolar modulation is used. This type of modulation allows for greater efficiency and smaller filter size and value. Having a smaller filter will impact directly on losses, which will be lower, and then reliability will be bigger.
3.1. Filter Design: Case 1. For the L filter design, the inductor L f is considered a series inductance with a parasitic resistance. The L filter represents a first-order low-pass filter with a cutoff frequency of ω L = R/L [19] .
Resonance frequency f res is usually considered 10 times higher than the network frequency (f o ) and 10 times 
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3.2. Filter Design: Case 2. For the design of the LCL filter, two inductors are considered (L f1 and L f2 ) and a capacitor. The inverter output voltage is a function of the photovoltaic panel voltage V pv and the modulation index of the inverter m:
The inverter operates with a unipolar modulation which results in lower filter size, and then considering the positive voltage of the inverter, the inductor L f1 can be calculated by using [20] 
where Δ iL f1 is the current ripple in the inductor and f sw is the switching frequency.
To obtain L f2 , the next equation is used [8, 19] :
where α is the ratio of the inductances. The ratio α is selected between the interval α ϵ ½3, 7. The capacitor is selected using (18) and considering ω res as the resonant frequency, which is determined by [20, 21] : Table 3 shows the design parameters of the inverter and the filter, which were obtained using the previous equations.
Reliability Design.
The reliability analysis is made for the system considering both filters. Then, considering first the full-bridge inverter with an L filter ( Figure 5 ) and applying the serial reliability configuration (Figure 4) , the reliability analysis can be performed by using equations (8), (9), (10), (11) , and (12) .
The reliability block diagram is shown in Figure 7 (a), and it is the product of the reliability of the four switches and the inductor; this is
It is assumed that the reliability of the switches is R S1 ðtÞ = R S2 ðtÞ = R S3 ðtÞ = R S4 ðtÞ equal; also, a constant failure rate is presented; therefore, λ S1 = λ S2 = λ S3 = λ S4 = λ 1 ; additionally, λ Lf = λ 2 which represents the inductor failure rate.
Substituting the exponential reliability function (6) into (23) gives the total system reliability depending on the failure rate of each element, as shown next:
To calculate the MTBF of the entire system, the total reliability is replaced, (24) in (3), and integrating from 0 to t, It can be seen that the MTBF is the inverse of the system failure rate:
The same process for the full-bridge inverter with the LCL filter ( Figure 6 ) is performed. The reliability block diagram in series is shown in Figure 7(b) , which represents the product of the reliability of each of the four switches, the two inductors, and the capacitor.
It is assumed also that R S1 ðtÞ = R S2 ðtÞ = R S3 ðtÞ = R S4 ðtÞ, and then the failure rate of the four switches is equal to λ S1 = λ S2 = λ S3 = λ S4 = λ 1 ; the inductor fault rate is λ Lf 1 = λ 2 for the first one, λ Lf 2 = λ 3 for the second, and finally λ Cf = λ 4 for the capacitor. Based on the block diagram, the following is obtained:
The reliability of the full-bridge with the LCL filter is calculated as follows: (6) is substituted into (26) obtaining
Substituting (27) into (3), the MTBF of the entire system is calculated as
Equations (24), (25), (27), and (28) are used in the following section to calculate the reliability and the MTBF.
Reliability Analysis of the Photovoltaic System
To make the reliability analysis, some simulations are made, but also, some data are obtained from the standard. The simulation is performed to obtain the operating parameters; these are the voltage and current that are used in the reliability models. For the capacitor, the stress voltage (V S ) in used; on the other hand, the losses for the MOSFET (P loss ) must be calculated using the steady-state values of the converter.
Numerical Simulation
Results. The numerical simulation of the full-bridge inverter for both cases, L and LCL filters, is performed with the design parameters of Table 3 . PSIM® software is used for its versatility and simulation speed. Some parameters obtained from the datasheet were added to simulation components, such as MOSFET IRF540, to get the simulation results and reliability prediction closer to reality. In Figure 8 , the simulation for the power stage considering the L filter is observed. From top to bottom, the ac main voltage (120 V rms ) and the injected current (8.3 A rms ) are illustrated. Figure 9 shows the results obtained for the LCL filter; from top to bottom, the ac main voltage (120 V rms ) and the injected current under the same power conditions are graphed.
In both cases, the active power corresponds to 1 kW. The current is in phase with the ac voltage; therefore, a high power factor is achieved in both cases. The total harmonic distortion (THD) is different in both cases; Table 4 shows the THD of the injected current; it can be seen that values of 0.382% and 0.00926% for the L and LCL filters are obtained, respectively. According to the above, it is better to use an LCL filter than an L filter.
It is known that the distortion of the waveform affects the quality of the signal, therefore affecting directly the reliability.
Reliability Calculation.
The numerical calculation of reliability is performed using the traditional MIL HDBK 217F standard. It is important to note that the reliability of the inverter depends on the acceleration parameter of the test and the temperature factor.
For the application of the standard, the adjustment factors are considered, also the base failure rate, which will generate an adjustment component failure rate. The total system failure rate, the MTBF, and the overall reliability are calculated. A high ambient temperature of 35°C is considered where the system will operate.
The adjustment factors used are shown in Tables 5 and 6 for the L and LCL filters, respectively, according to the 
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International Journal of Photoenergy standard. The environmental factor is defined for the benign fixed terrestrial environment (GB) according to MIL HDBK 217. The average and effective values of voltage and current are used for the calculation of losses, and these are made by using (16) . The losses are used in the Arrhenius model to calculate the temperature factor π T that is necessary to obtain the MOSFET adjustment failure rate. Table 7 shows the total system failure rate and the MTBF which are expressed in failure/10 6 hours. These were calculated using (24), (25), (27), and (28). In the case of the full-bridge with an L filter, the MOSFETs contribute to 99.99% of the global failure rate and the inductor 0.01%. For the full-bridge with an LCL filter, again, the greater contribution for the global failure rate is given by the MOSFETs with 99.97%, while the inductors have 0.0038% and the capacitor with 0.0261%.
It is observed that the most susceptible element to fail is the MOSFET. The reliability prediction, with the MIL HDBK 217F standard, shows that a full-bridge inverter with an L filter is more reliable since the total failure rate of the fullbridge inverter with an LCL filter is higher (α = 5); additionally, the same occurs with the MTBF, which determines the average life, and then it will be smaller. However, the reliability gain is marginal.
The decision-making, in this case, depends on the application. It should be noted that the number of elements plays a very important role in this calculation; the greater the number of the elements is, the higher the failure rate and the lower MTBF will be.
In Figure 10 , the comparison of the L and LCL filter reliability is observed. The reliability is expressed in 10 6 hrs. The dotted line represents the reliability of the LCL filter system with 0:0195251 × 10 6 hrs of life, while the straight line shows the L filter with 0:0195415 × 10 6 hrs.
The reliability difference in both cases is marginal. In the case of the LCL filter, the α ratio for the filter design also affects the reliability. In Table 8 , a comparison for different values for the LCL filter is made, based on the α ratio of the filter design, which yields an effect on the reliability, MTBF, and THD. The best options are found for a ratio of three and four; with a ratio of three, a THD of 0.00910% and 0:0195251 × 10 6 hours of lifespan is obtained, with 51.214 failures/10 6 hrs. If the THD is smaller, the size of the second inductor increases and the capacitor value decreases, which in the end contributes to a lower failure rate increasing its useful life. As can be observed, the LCL filter with the α ratio of four has the same reliability with the L filter case.
In Figure 11 , the comparison of the reliability for the LCL is observed; the graph is made using different values of α.
Another important factor of the ratio α is the system size. Taking into account the inductor values of Table 8 , the volume of the filter is calculated. In Table 9 , due to the selected core and film capacitor, the volume is obtained; this is made for the L and LCL filter changing α. As it can be observed, the best case for the volume is the LCL filter with a ration of four, since the size for the others is higher. It is important to notice that increasing the ratio α does not imply a lower volume since the cores available are finite; this may change depending on the rated power and type of cores used.
With this analysis, it can be deduced that the LCL filter may offer reliability compared to the L filter; therefore, the LCL filter should be always preferred because a better THD is obtained. If the volume is also added in the decision process, then, the ratio α must be selected properly and not necessarily high because the reliability shows that not only a lower α is better, but also the volume may not decrease by increasing α.
Conclusion
In this article, the prediction of the reliability of a full-bridge inverter with different coupling filters is presented. The MIL HDBK 217 standard is used to calculate the failure rate and the mean time between failures. The study showed that the devices that are most likely to fail are the MOSFETs, due to thermal and electrical stresses that they are subjected during the switching stage.
The system with the L filter has an average life greater than the LCL filter usually designed, but marginal; however, the LCL case offers the best THD. Another analysis illustrates that the system reliability with LCL coupling is affected by the ratio α, resulting in the fact that a value of 3 gets the best characteristic regarding THD and reliability, even comparable with the use of the L filter.
If the volume is considered, then the ratio α should be selected carefully since the higher ratio does not imply the lower volume according to the analysis; however, due to the reliability analysis and the THD obtained, the lower ratio α should be preferred. Then a compromise between reliability and volume can be made; the best case is a ratio of four in the analysis presented here. 
